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INTRODUCTION 
Proximity Effect in S-N Sandwiches 
If a superconductor (S) - normal metal (N) sandwich has good 
electrical contact between the two adjacent layers, Cooper pairs can 
diffuse from S to N so that the normal metal will show some super­
conducting properties. In addition, normal electrons will diffuse from 
N to S so the presence of N tends to reduce the superconducting character 
of S near the boundary. This "proximity effect" (1) implies that both 
the density of states and effective electron-electron interaction vary 
with position across the S-N boundary. Such proximity systems go beyond 
the framework of the B.C.S. theory (2) because there is an inherent spatial 
dependence to the ground state wave function. 
To describe the degree of order in a proximity system is customary 
to introduce the condensation amplitude F(^), where |F(?) is essentially 
the probability of finding a Cooper pair at Ir. F(?) is related to the 
local density of the pairs and therefore, it is a parameter which gives a 
measure of the degree of order :n a superconductor. The pair potential 
(3), A(T) = V(Ir)F(r^), where M(r) is the effective electron-electron inter­
action, is a central parameter in this problem because it is a measure of 
the pai ring energy. 
The first successful theory of the proximity effect by de Gennes (4), 
de Gennes and Guyon (5) uses the Gorkov (6) self-consistent integral 
equation to calculate the spatial dependence of A(r): 
A(r) = / d^r'K(r,r',T)A(r'), (1) 
where the kernel K(T,^',T) depends on the normal-state properties of 
the system and has a range of the coherence length: 
^ «> 
Here, ti is Plank's constant divided by 2ir; Vpj^ is the Fermi velocity; 
Ij^ is the electronic mean free path; kg is the Boltzmann's constant; and 
T is the absolute temperature. The theory is valid only for a dirty 
system (l^«g) and near the transition temperature, where A(7) is small. 
Werthamer (7) extended the work of de Gennes and Guyon to get a 
complete solution for A(r) and T^. in his analysis, he assumed that the two 
metals are identical in the normal state, that is, they have the same 
Fermi velocity and density of states at the Fermi level, the same residual 
resistivity, and the same Debye temperatures. All differences between the 
metals were assumed to be contained in the B.C.S. electron-electron inter­
action parameter V, which was taken to be a constant throughout a given 
metal. Werthamer obtained the following relations which describe the N-S 
system. 
Ajj(x) « exp (±k|^x), -d^<p (3) 
Ag(x) « exp (±ikgx), O^xçdg (4) 
= In (T^^/Tg) (5) 
= In (Tg/T(.) (6) 
kg tan (kgdg) = k^ tanh (7) 
where 
x(z) = 'J'.(i+z/2)-i|^(i) (8) 
and ^ ^ is the pair penetration depth; ^ is the transition 
temperature for an isolated film; is the transition temperature of 
2 ^ N the sandwich; if)(z) is the digamma function; and y . The 
B C 
boundary conditions Werthamer used are 
fw I _ fs I 
and 
(n) 
at a free surface. These essentially state that the pair amplitude and 
the current are continuous through the boundary. 
de Gennes (4) also treated the case of dissimilar metals. He used 
equation 1. to study the variation of A(^) across a N-S sandwich and derived 
the following boundary conditions on A(x) at the interface (x=0): 
dx 'o_ ~ Vg dx "0^ ' 
and 
(14) 
at a free surface. Equation 12 shows that A(x) is discontinuous at the 
boundary but F/N is continuous. The solution to equation 1 in the normal 
region (in the "one frequency" approximation) for x>k|^ ' can be 
approximated by 
A(X ) °= exp (-k|^|x|), -d^<x<0 (15) 
where 
represents the pair penetration depth in the normal metal. For the special 
case V^=0, ^ reduces to equation 2 and A(X) is everywhere zero in the 
normal metal. In the superconductor (O^x^dg) , A(x) is considerably 
depressed near the boundary by the presence of the normal metal over a 
distance of the Ginzburg-Landau coherence length (8), 
Mauser et al. (9) have combined the de Gennes-Werthamer theory of 
the proximity effect with the Abrikovsov and Gorkov (10) model of dilute, 
random spin impurities and obtained the following extent ion of equation 6 
X(-5c^Kn^ + WZwT^kgTg) = 1n(Tg^/T^), (17) 
where Tg is the spin-flip scattering time. For = 0 the argument of 
X ->• -1 and we have 
= ?C^(1 + ti/ZirT^keT^.). (18) 
2 We can extend to the temperature where T<Tg and obtain 
=  f 2 ( l  +  1 i / 2 T r T g k g T ) ,  ( 1 9 )  
where Ç is given by equation 2. For the case where ->• we find that 
5 
equation 17 reduces to equation 6. In the special case of -+ 0, the 
— I 
spin-flip scattering dominates and becomes temperature independent. 
Critical Current Density of SNS Junctions 
The proximity effect extends the superconductivity into the normal 
metal, so it is possible to pass a supercurrent through a normal metal 
sandwiched between two superconductors. In fact, the supercurrent through 
the junction in zero bias can be described by the famous Josephson 
relation, J = sin (|), where is the maximum supercurrent density and 
(p is the phase difference between the two superconductor wave functions. 
There have been many studies concerning the basic features of SNS 
junctions both experimentally (11-14) and theoretically (15-18), but little 
has been done in SNS junctions where the normal metal contains magnetic 
impuri ties. 
The purpose of the work reported here is to study the proximity effect 
of SNS junctions where the normal metal contains both magnetic and non­
magnetic impurities both in concentrated and dilute limits. The full 
range of and t is studied. From the data, we hope to understand the 
effect of magnetic impurities on the pair penetration depth, and observe 
changes in at the spin glass transition. From the data near T^, we 
wish to get a rough measure of the value of the spin-flip scattering time 
and test the Kogan (19) theory. There are two related phenomena discussed 
in earlier publications (20, 21) which need further investigation. There 
are self-field correction of the data and quantum oscillations in the 
temperature dependence of at constant H. 
6 
PART I. PAIR BREAKING MECHANISMS IN SUPERCONDUCTOR-NORMAL METAL-
SUPERCONDUCTOR (SNS) JUNCTIONS 
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INTRODUCTION 
Superconductor-normal metal-superconductor (SNS) junctions have 
been widely used to study the proximity effect in an inhomogeneous 
system. From the temperature dependence of the critical current density, 
for example, one can determine the pair potential (11), the depairing 
parameters of magnetic impurities (12) and various quantum effects 
related to magnetic fields (20) in the normal metals. 
Experimentally, Clarke (11) has extensively studied Pb-CuAl-Pb 
junctions where the normal metal was in the dirty limit. Hsiang and 
Finnemore (13) extended those studies to Pb-Cd-Pb junctions where the 
normal metal was in the clean limit. In both studies, the zero field 
critical current density, J^, was found to decrease monotonica11y with 
increasing temperature according to 
-'c - - T/Tc;)" exp (-YN), ('"» 
— J 
where is a constant; T^^ is the transition temperature; and 
represents the pair penetration depth in the normal metal. They also have 
found that at low temperature is proportional to exp (-G T^) in the 
dirty limit and proportional to exp (-CT) in the clean limit where G and 
C are constants. This points out the different behavior of in the two 
1imiting cases. 
Niemeyer and von Minnigerode (14) have studied the depairing param­
eters of magnetic impurities for both the Pb-AgMn-Pb and Pb-CuMn-Pb 
systems by measuring the thickness dependence of at 4.2K. They fitted 
8 
the data to the expression J = exp (-dVg_ ), where g., is the 
^ " eff eff 
effective pair penetration depth, and therefore derived in the 
eff 
normal metal. 
Paterson (12) has measured the temperature dependence of for 
Pb-CuMn-Pb junctions in the temperature range 1.3<T<4.2K. He found that 
the spin-flip scattering temperature was a 2 15K but was only 
approximately represented by the derived expression 
= B exp {-Y[ (T  +  OT) /T^ ] ^ } ,  (1-2) 
where B is a constant; y = a = 1i/2TrkgTg; and is the transition 
temperature of the superconductor. In fact, the Paterson data fit the 
empirical expression: 
= J^(0) exp [-g(T/Tj^^^] (1-3) 
much better than equation 1-2. There is, however, no apparent theoretical 
basis for this expression and it probably will be necessary to study these 
effects over a wider temperature range to resolve these difficulties. 
Hsiang and Finnemore (13) have studied the pair breaking parameter 
(22) generated by a magnetic field, DeH/c. In high magnetic fields, they 
found that falls exponentially as the magnetic field increases which 
-1 
indicates that is approximately linear in H. 
Theoretically de Gennes (4) first derived the critical current 
density for SNS junctions by assuming: 
(1) The impurities in the normal metals are nonmagnetic. 
(2) The temperature is near T^ of the superconductor. 
(3) ^ ^ pair penetration depth in the normal metal). 
(4) Both the superconductor and normal metals are in the dirty 
limits, i.e. S' S 9'ven by 
'  [24kg(T^-T)] 
When these assumptions apply, de Gennes obtained the following expression 
32eN.ir^k_^D_N_ , 
"^c " 7 Ç(3)'Rk^D|^Njj 
where e is the electron charge; g are the densities of states at Fermi 
surface for the normal metals; g = -^pj^ glj^ g; ç(3) = 1.202 is a 
value of the zeta-function; d^^ is the thickness of the normal layer; T^g 
— ^ 
is the transition temperature of the superconductor; and is given 
by equation 16. kj^ ^ if = 0. 
To help understand these equations it is instructive to give a 
brief outline of the approach proposed by Clarke (11) which is an over­
simplified version of the de Gennes analysis. The model assumes that 
-1 
Tg^ = 0 so that k|^ = and chooses Ng = and = Çg so that both F 
and dF/dx are continuous at the interface. Furthermore, a linear 
variation of F^(x) near the boundary is adopted. Clarke derived the 
following expression for the maximum supercurrent 
= 1FQ(T)|2[ç^(T)/Ç^,L^(T)] exp [-dyg^(T)], (1-6) 
here FQ(T) is the condensation amplitude in the superconductor far away 
from the boundary; and = 0.74 5Q(i-T/Tgg) ^ is the Ginzburg-Landau 
10 
coherence length (2), where KQ = 1iVp|^/1 '76TrkgTgg is the zero temperature 
B.C.S. coherence length (2). For T close to T^, FQ(T) and vary as 
(Tgg-T)^ and (T^g-T) ^ respectively. Therefore, equation 1-6 becomes 
similar to equation 1-5 which was obtained by de Gennes except that 
de Gennes replaces by for the most general case Tg^^>0. 
Kogan (19) has studied of SNS junctions where the normal metals 
contain magnetic impurities. The assumptions he has used are the same 
as those used by de Gennes except that the superconductors are in the 
clean limit, i.e. Çg«lg. Kogan then derives the following expression: 
I6(l2ir a k_) _ 
'  [7 5(3)F ET^ VPG\TGG 
here Kj^ is given by (23) 
= Sc"^[T/Tg + 1i/(TrkgTgTg)]^, (1-8) 
where 
(c - <'-5) 
and is the electrical conductivitity; = l^^/Vp^^; e, ç(3)» Vpg, 
and Tg are as defined in equation 1-5. 
It should be noticed that equation 1-7 is similar to that of 
equation 1-5 except that kj^ is replaced by for the magnetic case. 
Makeev et al. (l8) have calculated the Josephson supercurrent at any 
arbitrary temperature for SNS bridges with paragmagnetic impurities in 
11 
both the superconducting and normal metals. The calculations are 
performed with the aid of the Usadel equations (24). They derived the 
expression: 
and y(d|^/2) is a complicated function of w, and Xg (18). In the 
notation of Makeev et a1. the function, y(z), is actually the Usadel Green 
function, G(w,z) (24) and it should be continuous at the boundary, i.e. 
y(d|^/2) is equal to its equilibrium value in S, Gg(w,Tg). 
A modification is needed in order to apply equation 1-10 of Makeev 
et al. to the situation where only the normal metal contains magnetic 
impurities, that is in the limit where tg = " in S. As has been noted 
by Kogen, in the absence of magnetic impurities in S, y(d|^/2) should be 
equal to the equilibrium value in S, i.e. 
( 1 - 1 0 )  
where w = TrkgT(2n+l)/ti is the Matsubara frequency, 
kg, Tg, e, and d^ are as defined in equation 1-7, 
'N " T'FN N' °N' 
to = |w| + l/Tg: (i-ii) 
y(d„/2) , —Sa ( 1 - 1 2 )  
where Ag(T) is the order parameter in S. One then obtains 
(1-13) 
12 
where 
[(T/Tg)(2n+1) +1i/(iTkgTgTg)]^, (l-l4) 
N 
and Sg is given by equation 1-9. 
The purpose of this work is to study the proximity effect in 
Pb-Ag, Mn A1 -Pb junctions both in the concentrated and dilute limits. ®l-x-y X y 
The temperature dependence of and i^-versus-H curves are of greatest 
interest. From the temperature dependence of we hope to derive the 
spin-flip scattering time ig. From l^-versus-H curves, we can test the 
quality of the sample. Special emphasis will be placed on the pair 
breaking mechanisms of the magnetic impurities in the normal metals. 
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EXPERIMENTAL PROCEDURES 
Preparation of Alloys and Pellets 
High purity Ag (99.999%) and Mn (99-995%) elements (Research 
Organic Chemical Corp.) were used to prepare Ag-Mn alloys by an arc 
melting method. The arc melting was performed on a water cooled hearth 
in Zr-gettered argon arc furnace. The weight losses were negligible 
after arc melting (usually less than 0.15%). The arc melting was usually 
followed by an anneal at 900°C for two days to ensure the homogeneity of 
the alloy. For annealing, the sample was sealed in quartz tube with 
approximately 200 millitorr argon gas. The sample then removed from the 
quartz tube, slightly etched in dilute nitric acid and rolled between 
molybdenum foils into a sheet of thickness 1/0.2 mm. The sheet was then 
cut into small pellets which were used to prepare SNS junctions. 
The Ag-Mn-Al alloys were prepared by melting Ag-Mn alloy with 
99.999% A1 which was purchased from Alfa Products. The sample preparation 
method was the same as that of Ag-Mn alloys except that the alloys were 
annealed at 850°C for two days and then etched in solution of ammonia 
hydroxide and hydrogen peroxide with 1:1 volume ratio and dilute nitric 
acid. 
The Ag-Al alloys were prepared in the same method as that of Ag-Mn 
except that the samples were annealed at 850°C for two days. 
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Preparation of SNS Junctions 
Evaporator 
A Inigh vacuum evaporator system, shown in Figure 1-1, was used to 
prepare SNS junctions. The evaporator utilized an oil-free mechanical 
pump, absorption pumps, Ti-pump, and ion pumps. It has two pellet 
dropper assemblies (only one assembly is shown), one cold trap, one 
copper substrate mounting assembly, and one mask holder, etc. Each 
pellet dropper assembly consists of two circular disks. The top one can 
rotate through a rotatable feedthrough and has sixty buckets in it. The 
bottom one has a rectangular hole (13/32 x 1 3/4") in it. When the 
bucket is above the hole, it will drop the pellets to a hot boat through 
a funnel. The copper mounting assembly has two copper blocks and two 
copper disks. Two substrates attached to those two copper blocks are 
seated on a copper disk which in turn Is mounted to another copper disk. 
The copper mounting assembly is mounted on the bottom of the cold trap. 
Apiezon H grease is used to keep good thermal contact between substrates 
and cold trap. Four masks are used to prepare SNS junctions and an 
alloy strip. 
Evaporation 
The SNS junction, shown in Figure 1-2, was prepared on a 25.4 x 12.7 
mm glass substrate (Corning Glass 7059). The pressure typically rose 
- 8  - 6  from 10 to 10 torr during evaporation. A shutter was used to cover 
the substrates during the initial heating of the boat. The bottom 
Pb-strip was evaporated first from an electrically heated molybdenum 
boat. The thickness of the Pb-strIp was about 7000 %, The alloy films 
ROTATABLE 
FEEDTHRU 
TOP PLATE 
PELLET 
BUCKETS 
HOLE (lower 
for clarity) 
FUNNEL 
ALCOHOL OR 
LIQUID NITROGEN 
COLD TRAP 
MASKS 
HOT BOAT 
RODS FOR 
KEEPING COLD 
TRAP HORIZ. 
SUBSTRATES 
COPPER SUBSTRATE 
MOUNTING ASSEMBLY 
HOLE 
SHUTTER 
BELL JAR 
MASK HOLDER (tower for clarity) 
Figure 1-1. Evaporator system 
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magnetic 
field 
(a )  
Alloy strip 
Pb film 
(b) 
Figure 1-2. Configuration of the SNS junctions, also shown is the 
normal alloy on top of a Pb-film for electronic mean 
free path and thickness measurements 
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were prepared by subsequently dropping the tiny alloy pellets to a hot 
molybdenum boat and evaporating each completely. Each pellet contributes 
about 100 % to the thickness of the films. It was hoped that this 
technique would produce alloy films of good homogeneity. The substrate 
was cooled by pumping ethyl alcohol out of the cold trap to a pressure 
of about 200 millitorr. The ethyl alcohol was collected in another cold 
trap before it reached the mechanical pump. If the substrate temperature 
is kept at room temperature, the junctions tend to be shorted (14). An 
alloy film was deposited simultaneously on another substrate as shown 
in Figure 1-2, and was used to measure the thickness and mean free path 
of the alloy films. Finally, the Junction was completed by evaporating 
the top Pb-strip. The normal barrier was effectively square with a 
width of 7 X 10 cm. Pumped alcohol rather than liquid nitrogen was 
used to cool the substrates in preparing the samples because the normal 
layer tends to crack on warming to room temperature. 
Cryostat 
3 A He cryostat was designed to operate between 0.4 and lOK. A 
longitudinal section of the lower part is shown in Figure 1-3. The 
substrate was mounted on a copper block which was in turn attached to the 
^He pot. A thin Apiezon N grease was put between the substrate and copper 
block in order to ensure good thermal contact. Superconducting wires 
were used to connect the SQUID remote terminal and Pb wires. The super­
conducting wire was spot-welded to a small Nb pad which was then connected 
to the Pb wire. The Pb wires were attached to the films by means of small 
pellets of 50/50 Pb-Bi alloy which was put across the films. The current 
18 
U 
m 
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Figure I-3. Longitudinal section of cryostat 
feed to the junction was symmetrical as shown in Figure 1-4. The total 
exposure time was less than 20 minutes. The sample was cooled to 
liquid nitrogen temperature while immersed in helium gas at a pressure 
of about 1000 mi 11itorr. A sensitive rf-SQUID (25, 26) (Superconducting 
Quantum Interferrence Device) voltmeter was used to obtain accurate 
critical current. When the current through the junction exceeded the 
critical value, the voltage developed was detected by the SQUID voltmeter 
(SHE TSQ model 30). The voltmeter was in series with a calibrated 
standard resistance of 3 x 10 ^ which was operated in an automatic 
-12 feedback mode with a noise level of about 10 volt. The current-
voltage characteristic was recorded on an X-Y recorder by feeding the 
output of a low noise current supply and the output of the SQUID into the 
X and Y axes of the recorder respectively. 
Two layers of Mu-metal cylinder outside the nitrogen dewar were 
used to reduce the ambient magnetic field. The sample was enclosed in a 
superconducting cylinder. A superconducting solenoid was used to apply 
magnetic field to the sample. The field was parallel to one of the Pb-
strips and parallel to the plane of normal layer. In the study of the 
Fraunhofer diffraction pattern, the magnetic field was applied to the 
sample while the temperature of the sample was above the transition 
temperature. If the field was applied while the temperature of the sample 
was below the transition temperature, the. field period of the Fraunhofer 
diffraction pattern tends to be smaller than the theoretical prediction 
va 1 ue. 
The temperature was measured with a calibrated germanium thermometer 
(GR 1592) which was mounted on the reverse side of the sample holder. 
20 
r-o^ 
bo 
b 1 
-^02 
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1 
} 1-4. Symmetrical current feed to the junction 
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The temperature was accurate and precise to 5 mK. A temperature 
controller (Lake Shore Cryotronics, model DTC 500-SP) which has a 
stability of 0.5 mK for 10 minutes was used to keep constant temperature 
while the diffraction pattern data were taken. 
22 
EXPERIMENTAL RESULTS AND DISCUSSION 
V-I Characteristic and Magnetic Field 
Dependence of Supercurrent 1^ 
The basic parameters characterizing the normal barriers for the 
samples reported here are listed in Table I-I. The impurity concentra­
tion in the normal barriers is assumed to be the same as that of the 
bulk alloy. The transition temperature T^ is obtained from the extrap­
olated value in the vs. T plot near T^ as shown in Figure 1-5. The 
resistivities at 300 and 4.2K are those calculated from measured 
resistances of the adjacent metal strips. These resistivities for 
currents parallel to the film may not be the correct ones to use to 
calculate 1^ for electrons moving perpendicular to the film but they are 
a first indication. The electronic mean free path, Ij^, at 4.2K, was 
calculated using the pvalue for Ag (27), (p1^) ^ = 8.6 x lo'^ ' cm 
where p is the resistivity. For a first look at the data, we assume that 
this is also the mean free path that controls the pair diffusion into the 
normal metal. The thickness of the superconducting film varies from 
6000 to 8000 X with a mean free path of about 3600 % determined from the 
resistivity using the relation (27), (pig) ^ = 9.4 x 10 ^ cm for 
Pb film. The inverse of 1|^ as a function of the Mn concentration is 
shown in Figure 1-6. Because p « ^ and the electrical resistivity at 
low temperature is dominated by collisions of the conduction electrons 
-1 
with the Mn impurity atoms, 1^ should follow a linear dependence. This 
is actually observed in the data except that there is some scatter at 
high Mn concentrations. The last two columns are the coherence length in 
Table 1-1. Properties of normal barriers. The last two columns are the 
coherence lengths in dirty and clean limits. The electronic 
mean free path 1^ was calculated from (pl«) ' = 8.6 x 10^® 
- 1 - 2  N  
fi cm , where p is the resistivity. The Fermi velocity of 
silver used in calculation is Vp = 1.38 x 10^ m/sec 
Th i ckness 
(X) 
(1) AgMn 2 0 7.10 2200 
(3) AgMn 1.5 0 7.11 3200 
(4) AgMn 1.5 0 7.10 3450 
(5) AgMn 1.5 0 7.13 2950 
(6) AgMn 1.5 0 7.16 2800 
(7) AgMn 0.8 0 7.10 4500 
(8) AgMn 0.8 0 7.07 5000 
(A) AgMnA1 0.073 6.4 7.14 2500 
(B) AgMnA1 0.073 6.4 4300 
(c) AgAl 0 7 7.07 3100 
(D) AgAl 0 7 7.10 2800 
(2) AgMn 2 0 4700 
(9) AgMn 0.07 0 8750 
(10) AgMn 0.8 0 10100 
(E) Ag 0 0 7.06 7850 
Sample A1 Toy at % 
Mn 
at % 
A1 (K) 
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P(4.2K) 
(£2 cm) 
p(300K) 
p(4.2K) 
1^(4.2K) 
(X) 
liVp 
2Trk„T 
•i,r 
3.14 X lOT* 1.56 370 544 2396 
3.64 X lO"^ 1.37 319 505 2396 
2.80 X loT* 1.89 415 576 2396 
3.35 X loT* 1.73 347 527 2396 
3.00 X loT* 1.82 388 557 2396 
1.70 X loT* 2.09 684 739 2396 
1 .72 X loT* 2.16 676 735 2396 
6.99 X lO"^ 1.31 166 364 2396 
7.44 X loT* 1.31 156 353 2396 
5.50 X lO"* 1.44 211 411 2396 
6.62 X lO"^ 1.53 176 375 2396 
5.68 X 10"^ 1.92 205 405 2396 
9.45 X 10"7 1230 991 2396 
1.56 X loT* 2.46 745 771 2396 
1 o
 
X
 
00 
16.2 9865 2806 2396 
25 
1 ' I ^ 
» 2% Mn 
o 1.5% Mn 
o 0.08% Mn 
4=2950A, 
dw =4500A 
'E 
<j 
5; 
d.'2200A 
_ (8) 
dN=3450A 
d„=5000 M 
I . I . I  
6.2 6.4 6.6 6.8 7.0 7.2 
T (K) 
Figure 1-5. vs. T. The extrapolation of the data to = 
us the transition temperature T^ for each sample 
0 gives 
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Figure 1-6. Electronic mean free path in 
function of Mn concentration 
the normal barrier as a 
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the dirty and clean limits at 7K. The mean free path at 4.2K is some­
what smaller than the coherence length at 7K. This indicates that all 
the samples are in the dirty limit. 
Figure 1-7 shows a typical V-l characteristic (28, 29) for a 
junction at three different temperatures. The voltage of the junction 
is zero (to an accuracy of 1 x 10 V) up to critical value, 1^. Above 
1^, the voltage rises rapidly and then tapers.off to a linear behavior. 
This is similar to those reported earlier (13). The resistivity derived 
from the slope of the V-l curve at 0.68 K is about 6.8 x 10 ^ cm which 
is S% smaller than the resistivity obtained from the measured resistance 
of the metal strip. There are no voltage steps or hysteresis in the V-l 
curves. A detailed study of the shape of the V-l curves showed a rather 
2 2 i poor fit to V = (I -1^ ) R for a resist!vely shunted junction model (28) 
as shown in Figure 1-7, where R is the normal state resistance of the 
alloy film. 
To test the quality of the junction, the magnetic field dependence 
of the maximum supercurrent was taken for each sample. A sample which 
has both a uniform junction barrier and current distribution should show 
a good Fraunhofer diffraction pattern for the regime where the Josephson 
penetration depth, Xj, is greater than i  of the width W. Figure i-8(a) 
shows an l^-versus-H curve for a sample at 4.715K, for which W/Xj ~ 0.66. 
For this sample, the current density at the center of the junction should 
reduce to 33% of that at the edges if Vaglio's theory (30, 31) applies. 
Therefore, the current distribution for this junction can be considered to 
be uniform to the accuracy of these measurements. The solid curve is the 
Fraunhofer diffraction pattern, using 1^ « |sin(n$/#Q)/(%0/0Q)|, which 
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Figure 1-?. V-I characteristics of a Pb-Ag^ ^^Mn^Aly-Pb sample at 
three different temperatures, where x = 0.00073 and 
y = 0.064. The dashed lines are results from resistively 
shunted junction model 
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Figure 1-8. l^-versus-H curves for two Mn concentrations. 
(a) Pb-Agjj 008"^^' W/Aj = 0.66; measured flux 
quantum = 1.64 x 10 ^ G cmf. (b) Pb-Ag^ ggMng gg'Pb; 
W/Xj = 0.86; measured flux quantum = 1.5 x 10 ^ G cm^ 
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is normalized to the zero field 1^ maximum and the third 1^ minimum at 
1.14 G, where (|) = HW(d^ + 2Xj ) is the total flux threading the junction, 
<j)Q is the flux quantum, W is the barrier width, and is the London 
penetration depth in the superconductor. The data show a nice fit to 
the theoretical prediction except that the first two maxima rise a 
little bit above the theoretical value. The calculated flux quantum, 
A*, is 1.64 X 10 ^ G cm^ if we use Ai|) = AHW(d^ + 2X^), where Aj^(T) = 
390 [l-(T/T^)^] ^ in ynits of 8 and AH is the magnetic field period. 
-3 From the periocity of the l^-versus-H curve and W = 7.0 x 10 cm, it 
follows that X^(0) = ll6l %. This value is larger than the 390 % that is 
usually assumed for the London penetration depth of clean Pb (32). Maybe 
Pb is dirty near the surface. The central maximum of the l^-versus-H 
curve has been shifted from H = 0 to a small negative value due to a 
partial asymmetric current feed caused by the induced current in the 
superconducting input Pb-wires when the magnetic field was applied. The 
l^-versus-H curve is symmetric with respect to the central maximum which 
indicates the homogeneity of the sample. Figure l-8(b) shows an 
l^-versus-H curve for a sample at T = 4.52K with W/Xj = 0.86 and measured 
-7 2 flux = 1.5 X 10 G cm . The solid line is normalized to the zero field 
I maximum and to the position of the second I minimum at 1.17 G. The 
c c 
symmetry of l^-versus-H curve and good agreement with the theory have 
ensured the quality of the junctions. 
Table 1-2 shows the calculated flux, Ai{i, for several samples. The 
A*'s for sample E tends to indicate that Aij) is temperature dependent. 
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Table 1-2. Calculated A(|) for several samples using A<j) = AHWfd^ + 2X^), 
where = 390 [l-(T/T^)^] ^ in units of % 
Samples T A(t> 
(K) (G cm^) 
(1) 4.52 1.5 X lO"? 
(7) 5.30 1.52 X lO"? 
(8) 4.715 1.64 X 10"^ 
(E) 6.78 ro
 
CO
 
X 0
 1 
(E) 6.74 2.34 X lo"^ 
(E) 6.69 2.26 X lO"? 
(E) 6.637 2.19 X loT? 
(E) 6.59 2.09 X loT? 
Temperature Dependence of Critical Current 
Density in Zero Magnetic Field 
Figure 1-9 illustrates the effect of magnetic impurities. Two 
samples were prepared, the first contained 1.5% of the magnetic impurity, 
Mn, and had a mean free path of 388 %. The second contained 7.0% of 
nonmagnetic impurity, A1, and had a mean free path of 176 Even though 
the thicknesses are the same and the A1 sample has the shorter mean free 
path, 1|^, the of the Mn sample is 2 order of magnitude smaller. There 
is no doubt that magnetic impurities change in a manner totally 
different from nonmagnetic impurities. 
Figure 1-10 shows the temperature dependence of the critical current 
density for several junctions. The value increases monotonically 
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T ( K )  
Figure 1-9. Critical current density as a function of temperature 
showing the effect of magnetic impurity on J^. The 
triangles represent Pb-Ag^ gy-Pb sample, and the 
circles Pb-Ag^ gggMng g^g-Pb sample. The numbers in 
parentheses refer to its electronic mean free path 
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Figure 1-10. vs. T for Pb-Ag^_^Mn^-Pb junctions. The numbers in 
parentheses refer to its electronic mean free path, 
(a) Pb-Agg ggMng (b) and dependence of 
Jg for Pb-Agp^gggMnQ Q^g-Pb junctions 
as the temperature decreases and reaches saturation at low temperature. 
This saturation behavior is similar to the theoretical prediction for SIS 
junctions (33) and that of SNS bridges (34). In order to explain the 
behavior of our samples at low temperature, a modified SNS bridge theory 
(see equation 1-13) based on Makeev et al. (18) was used. The reduced 
length d^^gg and in equation 1-13 were chosen for a best fit to the 
shape of at low temperature. This is indicated by the solid curve 
in Figure 1-11. One can see that a nice fit to the data at low temperature 
which shows that sandwich junctions have the same temperature dependence 
for as bridge junctions. In this region is essentially independent 
of temperature so that the depressed at the boundary, although 
different from Ag(bulk), has the same temperature dependence as Ag(bulk). 
We interpret this to indicate that the modulus of the order parameter at 
the boundary is proportional to its bulk value in the superconductors 
where gg is essentially independent of T. Note that the data near T^ 
are quite different from the bridge theory. For a bridge, theory predicts 
a linear dependence in vs. T for T near T^ whereas the SNS sandwich 
theory predicts a linear dependence in vs. T. Hence, the sandwich 
theory works well near T^ and at low temperature where is independent 
of T, the bridge theory can be used for both bridges and sandwiches. 
Table 1-3 shows the derived d^^g^ and Tg from fits to the data at low 
temperature, along with the calculated (d^/Gg)^^^ 
To show the changes in vs. T which occur as Ig decreases, we plot 
both log vs. T and J^/J^(0) on Figure 1-12. Figure l-12(a) shows 
theoretical calculations of based on the bridge theory (see equation 
1-13) illustrating the I^ (spin-flip mean free path) dependence of 
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Figure 1-11. Temperature dependence of for Pb-Ag^ ggMn^ 02'^'' ' 
Pb-Ago.gggMnQ.OlS'Pb, and Pb-Agj_^_yMn^Aly-Pb junctions, 
where x = 0.00073 and y = 0.064. The solid lines are 
from fits to the low temperature data using the bridge 
theory. The dashed lines are from fits to the data near 
T using Kogan theory 
Table 1-3. Parameters for the SNS junctions reported here. The d^/g^ and are from fits to the 
low temperature data, along with the calculated values. Also shown are 
the Tg's obtained from fits to the data near T^ using Kogan theory and the 6's values, 
where 6 = ti/irl<_T_ 
Samples d^/ç^. ^V^C^cal. "^S ""s ^ 
Makeev Kogan Kogan 
et al. 
(sec) (sec) (K) 
(1) 12.0 4.07 3.03 X 10-13 2.45 X 10-13 9.9 
(3) 13.7 6.39 3.13 X 10-13 3.41 X 10-13 7.1 
(4) 13.7 6.04 3.39 X 10-13 3.24 X 10-13 7.5 
(5) 11.8 5.67 2.95 X 10-13 2.65 X 10-13 9.2 
(6) 11.5 5.11 2.87 X 10-13 2.50 X 10-13 9.7 
(7) 12.0 6.13 3.01 X 10-13 3.22 X 10-13 7.55 
(8) 14.7 6.84 4.20 X 10-13 4.51 X 10-13 5.4 
(B) 22.0 12.35 13.1 X 10-13 
In*01 Â (fixed) 1.» 18724 
1.» 4678 1 \ 
Is* 2341 A 
ls>1560 A 
O 
o 
1^=81 A (fixed) 
l.>1560 A 
,-2341 A 
lt>4678 A 
k'9362 A 
U-18724 A 
Figure 1-12. Results of calculations (solid lines) using the bridge theory for a fixed mean free 
path 1^. The black dots are data from sample 4. (a) vs. T for a fixed Ij^ = 8l 
(b) J^(T) normalized to J^(0) for a fixed 1^ = 8l % 
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with a fixed 1^ = 8l X (electronic mean free path), along with the 
data for sample 4. The J^(T) data normalized to J^(0) are shown in 
Figure l-12(b). One can see that a smaller Ig value gives a much slower 
vs. T behavior compared to that of a larger Ig value. This is 
because the term I/T^ in equation 1-11 dominates for a small (or 
1g) value. Therefore, the exponential term becomes temperature independent 
and the pre-exponential factor dominates the behavior. In this regime, 
vs. T curves are very similar to SIS junctions. 
Figure 1-13(a) shows a theoretical calculation of based on the 
bridge theory (see equation 1-13) illustrating the Ij,^ dependence of 
with a fixed 1 g = 4678 %, along with the data for sample 4. The 
J^(T) data normalized to ^^.(O) are shown in Figure 1-13(b). One can see 
a smaller Ij^ value gives a faster vs. T behavior compared to that of 
a larger Ij^ value. This is because the exponential term is more important 
for small 1^ value. Therefore, the exponential temperature dependent 
term dominates the J behavior and the J vs. T curves are rather 
c c 
different from SIS junctions. 
Figure l-l4 shows the temperature dependence of normalized to 
at 0.5K for four different Pb-Ag^ ggj^n^ g^g-Pb junctions. One can 
see that samples 3 and 4 follow the same temperature dependence which 
is similar to that observed in samples 5 and 6. This indicates the 
high degree of reproducibility in the data for different runs in our 
experiments. 
Figure 1-15 shows the temperature dependence of for two different 
Mn concentrations in concentrated and dilute limits. The vs. T curves 
vary smoothly as T decreases for both cases, but the temperature 
10"* 
lo" 
10  ^
(J 
lo' 
< lOP 
o 
1(5' "3 
1(5  ^
1(5" 
ICf 
Im' 1B7 Â 
IN«125 
-SAMPLE (4) 
l„.47 Â 
Is«4678 I (fixed) 
le = 4678 A (fixed) 
Iw-187 A 
Iw" 125 A 
Figure 1-13. Results of calculations (solid lines) using the bridge theory for a fixed spin-
flip mean free path 1^. The black dots are data from sample 4. (a) vs. T for 
a fixed 1^ = 4678 %. (b) J^(T) normalized to J^(0) for a fixed Ig = 4678 % 
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Figure 1-14. Temperature dependence of critical current density 
for Pb-Ag^ gg^Mn^ g^g-Pb junctions. The data are 
normalized to at 0.5K for each sample 
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Figure 1-15. Temperature dependence of critical current density 
in concentrated and dilute limits. The numbers in 
parentheses refer to its electronic mean free path, 
(a) Pb-Agg ggzMng 00,-Pb. (b) Pb-Ag,.^.^Mn^Aly-Pb, 
where x = 0.00073 and y = 0.064 
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dependence of is quite different. A detailed view of the behavior 
for two limiting cases is shown in Figure l-l6. One can see that in the 
dilute limit rises very rapidly at low temperatures as the temperature 
decreases and has no saturation at low temperature. This behavior at 
low temperature is predicted by the bridge theory as shown in Figure 1-11. 
Figure 1-17 illustrates an experiment performed to investigate the 
importance of cooling the substrates while preparing the junctions as 
pointed out by Niemeyer and von Minnigerode (14). Two samples were 
prepared, the first under standard cooling conditions (about -40°C). The 
second one differed in that the substrate was at about +20°C. As 
Niemeyer and von Minnigerode (14) would predict, of the uncool 
junction was greatly enhanced even though it was more than twice as thick. 
Figure 1-18 shows the temperature dependence of for several 
samples of different Mn concentrations. One feature of this plot is the 
linear dependence of in different temperature ranges. Theoretically 
we expect this linear dependence of to occur for T close to T^ as 
predicted by Kogan, but the actual linear range is larger. This implies 
that the high Mn concentration sample gives a much slower vs. T 
behavior compared to that of the low Mn concentration sample as predicted 
qualitatively by Makeev et al. shown in Figure l-12(b). Another 
interesting feature is the vs. T behavior of sample 8. A careful 
study of the Mn concentration with Auger spectroscopy shows that the Mn 
concentration is the normal film is about 0.50% (see Table 1-4) which 
implies a spin glass transition temperature (35) of about 2.9K. The 
observed data tend to indicate that there is a spin glass transition at 
2.7K where the point of inflection occurs in the vs. T plot. 
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Figure 1-16. Temperature of in concentrated and dilute limits. Tlie 
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Figure 1-17. Critical current density as a function of temperature 
showing the effect of cooling the substrate during the 
preparation of the junction. The numbers in parentheses 
refer to its electronic mean free path 
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Figure 1-18. J as a function of temperature for several samples 
_ 1 
showing the variation of with concentration, 
= 2200A for sample 1; = SOOOX for sample 8; 
d|^ = 3200% for sample 3; = 4300% for sample B 
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Table 1-4. Auger determination of Mn concentration for several normal 
films, along with the nominal Mn concentration of the 
alloys 
Samples at. % Mn at. % Mn 
(nominal) (Auger) 
(I) 2.0% 1.20 ± 0.1 
(4) 1.5% 0.92 ± 0.10 
(5) 1.5% 0.88 ± 0.08 
(7) 0.8% 0.48 + 0.06 
(8) 0.8% 0.50 ± 0.05 
A detailed view of vs. T very close to is shown in Figure 1-5. 
Since varies with temperature according to 
exp (-Kwdw), (1-15) 
" 1 
and changes very slowly with temperature, as T approaches T^. There­
fore, we should expect a linear dependence of 
There is only one unknown in equation 1-7, therefore if we fit 
the data near T^ to equation 1-7, Tg can be obtained experimentally. 
Numerical values of Fermi velocity, density of states and mean free 
path used to fit equation 1-7 are shown in Table 1-5. The obtained 
Tg's are shown in Table 1-3. Here we have used the derived d^/g^ 
obtained from fits to the Makeev et al. theory to derive the Xg's. The 
— 1 Tg as a function of the Mn concentration is shown in Figure I-J9. One 
can see the derived T^'S using the Kogan theory is consistant with that 
obtained from the bridge theory. This tends to indicate the spin-flip 
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Figure 1-19. Inverse of as a function of Mn concentration. The 
triangles are results of the Makeev et al. bridge 
theory and circles the Kogan theory 
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Table 1-5. Numerical values used to evaluate the theory in equation 1-7 
Physical Units Pb Ag 
quanti ty 
Vp m/sec 0.4l x 10^ I.38 x 10^ 
N 1.32 X 10^7 1.0 X 10^7 
1 % 3950 
scattering rate doesn't change dramatically when the sample goes through 
the spin glass transition. A theoretical curve for fits to the near T^ 
data using the Kogan theory is shown in Figure 1-11. One can see that 
the Kogan theory fits the near T^ data very well and deviates from the 
data at low temperature where the bridge theory applies. 
3/2 Figure 1-20 shows a vs. T for several Mn concentrations. One 
can see that the data fit quite well to the empirical expression in the 
low temperature range. 
Jg = J^(0) exp [-B(T/T^)3/2], (1-16) 
where Jj.(0) is sample dependent and 3 is a constant. As was pointed out 
by Patèrson (12) in his work on SNS junction, there is no theoretical 
3/2 3/2 justification for T dependence of the exponent. The T plot broadens 
the range of linear behavior, but eventually it breaks down also. 
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CONCLUSIONS 
Critical current densities have been measured for 
Pb-Ag, Mn A1 -Pb junctions over the temperature range 0.4<T<7.2K 1-x-y X y 
for a wide range of magnetic and nonmagnetic scattering rates. The V-l 
characteristics for these junctions show sharp, reversible features with­
out any voltage steps or hysteresis. Observed diffraction patterns 
indicate that the junctions are of high quality and not self-field 
limited for critical current densities less than 80 A/cm where W/Xj 
is smaller than about 4. For large , the vs. T curves resemble 
those of SIS junctions because the Cooper pair breaking is nearly 
independent of temperature. This was explained in detail by the modified 
bridge theory which indicates that the modulus of the order parameter at 
the boundary is proportional to its bulk value in the superconductor in 
the temperature range where is independent of T. For T near T^, was 
2 found to be proportional to (1-T/T^) as predicted by Kogan. This is to 
be contrasted with (1-T/T^) expected for the bridge configuration. The 
Tg's derived from the slope of the vs. T plot scale well with Mn 
concentration and are consistent with those obtained from fits to low 
temperature data. The data for 1.5% Mn samples provide a spin-flip 
12 -1 
scattering rate of about 2.95 x 10 sec ; which expressed in terms of 
the depairing temperature is about 8.3K. One junction which had a Mn 
concentration of about 0.5% and a spin glass temperature of 2.9K showed 
an inflection point in vs. T data near 2.7K. This change in slope 
may reflect a true change in the spin scattering rate as the temperature 
falls through the spin glass temperature. 
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PART II. MAGNETIC FIELD EFFECTS AND OSCILLATIONS OF CRITICAL CURRENT 
DENSITY IN SUPERCONDUCTOR-NORMAL METAL-SUPERCONDUCTOR (SNS) 
JUNCTIONS 
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INTRODUCTION 
Effects of Magnetic Field on Josephson Junctions 
Josephson (36, 37) predicted in 1962 that a tunneling current 
through superconductor-insulator-superconductor (SIS) junctions can 
behave as a true supercurrent because there is a coherent tunneling 
of Cooper pairs. Many studies (38-AO) have verified the basic validity 
of these ideas for SIS junctions and an extensive literature has been 
accumulated. Indeed, many of these same ideas apply to SNS junctions 
as well and it is important to determine the similar and dissimilar 
features of these two different kinds of quantum interference devices. 
One of the most striking features of the behavior of Josephson 
structures is the Fraunhofer diffraction pattern. This is a consequence 
of the wave-like nature of Cooper pairs and phase coherence through the 
junctions. The extremely high sensitivity of a Josephson supercurrent 
to magnetic fields is the key to many important applications (32) of 
Josephson effect. Furthermore, a careful study of the Fraunhofer 
diffraction pattern represents a powerful method to investigate the 
junction quality, the junction behavior, and in particular the junction 
current distribution. 
The magnetic field dependence of the Josephson supercurrent 1^ has 
been extensively studied (41-43) for small junctions with uniform current 
distribution and indeed one finds 
sin(n*/*_) 
' c -  I  wv !• 
where (ji = HW(d + 2X^) is the total flux in the junction, (J)Q  is the flux 
quantum, W is the junction width, dj^ is the junction thickness, and 
is the bulk London penetration depth in the superconductor. To 
achieve equation 11-1, it is necessary to have a junction which is not 
self-field limited, that is a junction for which W is small compared to 
the Josephson penetration depth, given by 
Xj = {fic^/[8neJ^(d^ + 2X^)]}^ (11-2) 
where ti is the Plank's constant divided by 2ir, c is the speed of light, 
e is the electron charge, and is the critical current density. 
For SIS junctions, it is easy to achieve equation I 1-1 but for SNS 
junctions it is more difficult, because Xj can be very small compared 
to the normal junction dimension. Therefore, the current distribution is 
not uniform. In order to investigate the magnetic field dependence with 
a uniform current distribution for SNS junctions, one has to reduce 
so that W/Xj«4. One way to achieve this is to put a small amount of 
magnetic impurities in the normal metal. The pair potential can be 
strongly depressed by the presence of magnetic impurities and will 
drop substantially. 
As the junction size or critical current increases, the influence 
of magnetic field induced by the Josephson current itself becomes 
important. The current density can be highly nonuniform even in zero 
external field because of the presence of the self field. In principle, 
the current density can be related to the phase difference across the 
junction, *(y,z), by 
J(y,z) = sin (t>(y,z), (11-3) 
where is the maximum Josephson supercurrent density, and the y and z 
axes l ie in the plane of the junction. The current flows in the x 
direction. The behavior of the junction Is governed by (37) 
2 2 
= (1/X,)^ sin (|). (11-4) 
9y -hz  ^
Here, Xj gives a measure of the distance In which d.c. Josephson currents 
are confined. It occurs as a consequence of a current screening due to 
the magnetic self field generated by the supercurrents. Equations 11-3 
and 11-4 cannot be solved analytically In general; therefore one often 
has to resort to approximate procedures and numerical computations. 
In the case of one-dimensional junctions, Owen and Scalapino (39) have 
derived the current density and local magnetic field within the junctions. 
These predictions are In reasonable agreement with experimental results 
by Goldman and Kreisman (40) and that of Schwidtal (44). For a two-
dimensional geometry, a complete solution with proper boundary conditions 
has not been solved yet due to mathematical difficulties. Vaglio (30, 
31), however, has obtained the behavior of the junctions by solving 
equations 11-3 and 11-4 in linearized model by assuming sin <|) = <j) and 
gets reasonable agreement with the experimental results of various 
authors (45, 46). 
Temperature Dependence of Critical Current Density 
in a Constant Magnetic Field 
In zero magnetic field, the temperature dependence of has been 
studied extensively for SNS junctions both experimentally (11-14) and 
theoretically (15-19). It appears that there is a good understanding In 
the basic features of SNS junctions. In nonzero magnetic field there 
is rather l ittle published. One paper (11) gives data in the one to 
two Gauss regime showing Fraunhofer patterns. In larger fields, 
Hsiang and Finnemore (13) have studied vs. H out to 60 Gausses and 
found that in a high magnetic field falls approximately exponentially 
with the increasing field. This arises because the pair penetration 
-1 depth K|^ is approximately linear in H. There have not been many 
studies, however, of the temperature dependence of in a constant 
magnetic field. Nagata et al. (20) have first found the quantum 
oscillations of in a constant magnetic field and qualitatively 
explained the origin of these oscillations in terms of the changes of 
the diffraction pattern with the temperature. 
The purpose of the work reported here was to study quantitatively 
the self-field effects and quantum oscillations of In a range where 
is comparable to the junction width. From the self-field effects, we 
wish to correct the data when appropriate. Special emphasis is 
placed on the detailed shift of the minimum of the l^-versus-H curves 
as the temperature changes. 
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EXPERIMENTAL PROCEDURES 
Preparation of SNS Junctions 
The Pb-Ag-Pb junctions were prepared in the same way as that of the 
alloy junctions except that the normal layer was directly evaporated 
from the silver shots heated from a hot molybdenum boat. Lead and 
silver do not form intermetal1ic compounds and are immiscible (47) in 
the solid phase, so that the diffusion of one into the other is neg­
ligible. 
Cryostat 
The same cryostat was.used to study the Fraunhofer diffraction 
pattern and temperature dependence of in a constant magnetic field. 
For the temperature dependence of in a constant magnetic field, 
a superconducting magnet operated in persistent mode was used to apply a 
magnetic field to the sample. The field was applied to the sample while 
the temperature of the sample was above the transition temperature. The 
magnetic field increment was chosen much smaller than the magnetic field 
period in the diffraction pattern so that the detailed shifting of the 
minimum could be observed. 
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EXPERIMENTAL RESULTS AND DISCUSSION 
Self-Field Effects 
For the junctions reported here, the self-field effects become 
2 important for critical current densities larger than about 80 A/cm 
where W/Xj is greater than about 4. The basic parameters characterizing 
the Pb-Ag-Pb samples are summarized in Table 11-1. Included are the 
thickness, dj^, the strip resistivity at A.2K, p(4.2K), the resistivity 
ratio p(300K)/p(4.2K), and the coherence length in clean and dirty 
limits at 7K. With these parameters, one obtains the magnitude of the 
self-field correction shown in Figure I 1-1. The circles show the 
experimental results for if one assumes a uniform current distribution 
in the junction (i.e. no self-field correction). It can be seen that 
these data have a linear dependence near the transition temperature. 
Our previous calculations (21) based on Vaglio's theory (30, 31). however, 
have shown that the self-field effects are important for a junction which 
has W/Xj as large as those values reported here and a self-field 
correction is necessary if one wants to obtain the true J^/s. Here 
Vaglio's theory is used to correct these data for the self-field effects. 
For a symmetrical current feed in zero external field the current 
distribution J(y,z) is given by 
J(y,z)/J^ = {l/[8WXjJ^ sinh(W/2Xj)]} f(y,z), (11-5) 
where 
Table I 1-1. Properties of normal barriers. The last two columns are the coherence length in dirty 
and clean limits. The electronic mean free path 1^^ was calculated from (pl^) ^ = 
8.6 X ^m where p is the resistivity of the normal layer 
Sample d.. T ® p(4.2K) p(300K) l.(4.2K) tiv^K. i  tiv^ 
(X) (K) (!) cm) " (t) ^'V 2'kgT 
at 7K at 7K 
(X) (%) 
Pb-Ag-Pb 7850 7.06 1.18 x lo"^ 16.2 9854 2806 2396 
Pb-Ag-Pb 9650 1.2 X 10"7 18.3 9690 3051 2396 
^The extrapolation of the vs. T (after self-field correction) to = 0 gives us T^. 
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Figure 11-1. Critical current density as a function of temperature. 
The circles are the J 's assuming a uniform current 
distribution and the triangles the J^'s after a self-
field correction 
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f(y,z) = cosh(z/2Xj) + cosh[(W-z)/2Aj] + cosh{y/2Xj) + 
cosh[(W-y)/2Xj], (11-6) 
(0£/£W, 0£z<W) 
and I is the current supplied by the battery. The experimental critical 
current I corresponds to the value of I for which the left-hand side 
c 
of equation 11-5 is equal to unity. From these conditions, one can get 
Jc = {Ig/CtWXj sinh(W/2Xj)]} [1 + cosh(W/2Xj)]. (11-7) 
It should be noticed that Xj is also function of J^. By solving 
equations 11-2 and 11-7 simultaneously, we can obtain the true J^'s from 
the measured l^/s. Results of the calculations after the self-field 
correction are shown in Figure 11-2 (triangles). Here we have assumed 
X^ = 390 [l-(T/T^)^] ^ in unit of % in our calculations. The apparent 
W/Xj values obtained from the corrected J^'s are shown in Figure 11-2. 
The circles show the W/Xj values which would have been obtained assuming 
a uniform current distribution. One can see that the self-field effects 
become more and more important as the temperature decreases. For this 
junction, the self-field effects on are greater than 10% for all 
temperatures below 6.6K. 
For a two-dimensional junction with a symmetrical current input, the 
self-field effects become important when Xj<W/4 (11). Figure 11-3 shows 
the region of for which the self-field is important for several 
samples. In general terms, this is above 100 A/cm^ for junction widths 
of about 6.5 x 10 ^ cm and junction thicknesses of about 4500 % at 1.OK. 
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Figure 11-2. The W/Xj as a function of temperature. The circles and 
triangles are as defined in Figure 11-1 
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Figure 11-3. Temperature dependence of W/Xj = 4.0 indicates the 
onset of the region where self-field effects are 
important. (See Part I for sample references.) is 
defined as the measured critical current divided by the 
junction area 
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For the data reported here, the true can always be corrected when 
appropriate. 
Figure 11-4 shows the variation of as a function of temperature. 
The self-field correction data are linear up to T/T^ ~ 0.97 until the 
lead ceases to exhibit bulk behavior, after which drops more rapidly. 
This linear behavior is consistent with the de Genrves theory which was 
derived originally for dirty limit but has been shown to apply as well 
for clean limit if proper modifications are made for energy dependent 
diffusivity (48). The modified de Gennes theory shows that the behavior 
of J near T should be of the form 
c c 
« (1-T/T^)^. (11-8) 
This prediction is actually observed in the experiments. 
Fraunhofer Effects 
There is a narrow region in the H-T plane where Fraunhofer effects 
clearly visible for all these junctions. This is the region where 
2 J is below 5 A /cm and W/X .<8. At lower temperatures and fields, the 
c J 
Meissner effect sets in and the quantum oscillations are less apparent. 
Figure 11-5 shows a l^-versus-H curve at T = 6.74K for a sample which 
is beginning to show the Meissner effect. The maximum I^ value in zero 
field produced a corrected for which W/Xj = 3.3. When the applied 
field increases from zero, it is screened out from the junction and 
decreases linearly. This is just the Meissner effect (37). The magnetic 
field at which it will penetrate the junction, is (37) 
Hg = (n/2)Hc, (11-9) 
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Figure 11-4. J ^ as a function of temperature. The circles and 
triangles are as defined in Figure 11-1 
65 
« I I I I I I I I I I j w I I I I I I I 
Pb-Ag—Pb 
-du s7850Â 
T=6.74 K 
H (GAUSS) 
- 3  - 2 - 1  0  1  
H(GAUSS) 
Figure 11-5. Magnetic field dependence of the critical current I 
at T = 6.74K., W/Xj = 3 3; measured flux quantum is 
2.34 X 10 ^ G cm^. The 1^ behavior in high magnetic 
fields is shown in the inset 
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where 
Hci ° 02tiJ^/[iTe(d^ + 2%^)]}*. (11-10) 
The calculated value of is 0.27 G when we assume a uniform current 
flow In the junction. Because WAj = 3.3, this is not a good approximation 
as confirmed by previous calculations (21) based on Vaglio's theory 
(30, 31). In order to calculate the values at lower temperatures, a 
corrected should be used. Results of these calculations are shown 
in Table 11-2, along with the H^'s assuming a uniform current distribu­
tion. To discuss the calculated values with the observed values it 
is useful to define and H^. is the magnetic field at which 
has its first minimum, and is the magnetic field extrapolated from 
the linear portion to I =0. It can be seen that the calculated H 
c e 
Table 11-2. Comparison between the calculated and values, where 
is the first minimum in the diffraction pattern. The 
values are also shown, where is the magnetic field 
extrapolated from the linear portion of l^-versus-H curve 
to = 0 
T 
(K) 
H 
e 
(assuming uniform 
current density) 
(Gauss) 
H 
e 
(with self-field 
correction) 
(Gauss) 
"1 
(Gauss) 
"t 
(Gauss) 
6.78 0.27 0.29 0.39 0.46 
6.74 0.30 0.325 0.43 0.56 
6.69 0.33 0.385 0,46 0.64 
6.64 0.38 0.44 . 0.55 0.77 
6.59 0.41 0.48 0.78 0.86 
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values agree well with the observed values if we assume that the 
field will penetrate the junction at . 
For fields greater than the mixed state begins to enter the 
junction and 1^ behavior reverts to a Fraunhofer-1ike diffraction pattern 
with a field period, AH, of about 0.34 G. This will give us an observed 
flux quantum, A<J), of about 2.34 x 10 ^ G cm^ if we evaluate A<|I from 
A(|I = AHW(d^ + 2X^). The observed A* must be considered to be in 
acceptable agreement within experimental errors. 
For high fields, the situation becomes more complicated and the 
field periods begin to vary. Non-regular field periods were observed 
as seen in the inset in Figure 11-5, with the closed and open circles 
being data from two different runs. The variation in AH at high fields 
is probably due to the flux trapping in the barrier causing different 
amount of field to energy the junction when the field is applied. 
Figure 11-6 shows diffraction patterns at three different tem­
peratures. The behaviors are similar to that of Figure 11-5 except 
that of the self-field is becoming more important as the temperature 
decreases. This can be seen from the temperature dependence of W/Aj 
shown in Figure 11-2 where the W/Xj values (triangles) vary from 4.6 at 
6.59K to 2.9 at 6.78K. In the inset of Figure 11-6, a more detailed view 
of the l^-versus-H curves is shown, it can be seen that in low magnetic 
fields, from 0.4 to 0.8 G, the field at which 1^ has a minimum increases 
as the temperature decreases. This is due to the Meissner effect. At 
higher fields, from 1.6 to 2.8 G, the magnetic field at which 1^ is a 
minimum tends to shift to the origin as the temperature decreases. No 
qualitative explanation of this shift is now available. 
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Figure 11-6. I -versus-H curves at three different temperatures. A 
more detailed view of the curves are shown in the inset 
Oscillations of Critical Current Density in 
a Constant Magnetic Field 
Figure 11-7 shows the magnetic field dependence of in various 
constant magnetic fields in the regime where quantum oscillations are 
clearly visible. A more detailed view of is shown in Figure 11-8. 
It clearly can be seen that in a magnetic field of 2.7 G there is an 
oscillation in between 6.44 and 6.73K, and another oscillation 
between 6.73 and 6.88K. In a magnetic field of 2.75 G, there is an 
oscillation between 2.49 and 2.77K and another between 6.77 and 6.89K. 
The amplitude of the maxima and the temperature interval between the 
J minimum decrease as the temperature increases toward T . Data for 
c c 
other magnetic fields also show similar results. 
Figure 11-9 shows a three-dimensional schematic view of 1^ vs. T 
and H for the I data near T . Oscillations of I in a constant 
c c c 
magnetic field clearly can be seen from the plot. 
Figure 11-10 shows the temperature, T^.^, and the magnetic field, 
H at which J minimum occurs. Data taken from the temperature 
m i n e  
dependence of in a constant H are represented by open circles in a 
forward field and solid circles In a reverse field. Data taken from the 
l^-versus-H curves at five different temperatures are represented by 
triangles. The subscript on H indicates the number of flux quanta in 
the junction. A detailed comparison between the two experiments is 
also listed in Table 11-3. One can see that the H . and T . at which 
mm mm 
minimum occurs are consistent between the two experiments. 
As a general observation, it can be said that the oscillations of J 
c 
in a constant magnetic field can be explained by the temperature 
0.00 G 
2.70 G 
2.75 G 
2.80 G 
2.85 G 
2.90 G 
2.95 G 
3.00 G 
Figure II-?. vs. T in several constant magnetic fields 
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Figure 11-8. Detailed view of vs. T in constant magnetic fields 
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Figure 11-9. A three-dimensional schematic view of 1^ vs. T and H 
for data near 
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Figure 11-10. The temperature, T^.^, and the magnetic field, 
at which minimum occurs. Data taken from the 
temperature dependence of in a constant H are 
represented by open circles in a forward field and black 
circles in a reverse field. Data taken from the 1^-
versus-H curves at five different temperatures are 
represented by triangles. The subscript on H indicates 
the number of flux quanta in the junction 
Table II-3. Summary showing results from two experiments. The first and second columns give the 
temperature, T . , and magnetic field, H . , at which J has minima in I -versus-H 
mm mm c c 
curves. The third and fourth columns give the T . and H . at which J has minima 
mm mm c 
in vs. T curve measured at constant H 
l^-versus H JQ vs. T at constant H 
T . 
mm 
(K) 
"min 
(G) 
T . 
mm 
(K) 
H . 
mi n 
(G) 
6.59 2.56, 2.86 6.59 2.54, 2.86 
6.69 2.66, 2.98 6.69 2.69, 2.96 
2.78 2.75, 3.09 6,78 2.76, 3.09 
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dependence of the l^-versus-H curve. We cannot, however, explain the 
factors causing the shift in the l^-versus-H curves. From Figure 11-6, 
we can consider a constant H plane at 2.85 G, where has a minimum 
at ^6.6K. The projection of in this constant H plane will generate 
a vs. T curve which is actually observed in Figure 11-8. 
Figure 11-11 shows the temperature dependence of in a magnetic 
field of 14 G. Several oscillations were observed. No attempt was 
made to analyze the complicated mix of periods in the flux quantization. 
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Figure 11-11. Oscillations of in a magnetic field of 14 G. Several 
oscillations were observed 
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CONCLUSIONS 
The temperature and magnetic field dependence of have been 
measured schematically in the range where the Josephson penetration is 
small compared to the junction width for Pb-Ag-Pb junctions. If the 
data are corrected for self-field effects using the linearized Vaglip's 
procedure, then is proportional to (l-T/T^) as predicted by the 
de Gennes theory. At low temperature the junctions show Meissner effect 
at low magnetic field. In the diffraction pattern regime, the location 
of the diffraction minimum tends to move toward the origin as the 
temperature decreases. No qualitative explanation of this moving is now 
available. If the data are taken in the presence of a constant magnetic 
field, then quantum oscillations are observed. These oscillations arise 
from interference effect as successive quantized vortices enter the 
junction. 
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GENERAL SUMMARY 
The effects of magnetic and nonmagnetic impurities on has been 
studied schematically for Pb-Ag, Mn A1 -Pb junctions over the 1-x-y X y 
temperature range 0.4<T<7.2K for a wide range of compositions. For 
large T the J data at low temperature fit very well to the modified 
bridge theory of Makeev et al. and the data near were found to 
be proportional to (1-T/T^) as predicted by the Kogan theory for 
sandwich geometry. The derived t^'s from both the bridge theory and the 
sandwich theory are consistent and scale well with the Mn concentration. 
If the data are corrected for self-field effects using Vaglio's 
2 linearized model, then is proportional to (l-T/T^) as predicted by 
de Gennes. If the data are taken in the presence of magnetic field, 
then quantum oscillations are observed. 
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